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Nonlocal quantum correlation is at the heart of bizarre nature of quantum physics. While there are
various classes of nonlocal quantum correlation, steerability of a quantum state by local measure-
ments provides unique operational features. Here, we theoretically and experimentally investigate
the ‘hidden’ property of quantum steerability. In particular, we find that there are initially unsteer-
able states which can reveal the steerability by using local filters on individual quantum systems.
It is remarkable that a certain set of local filters are more effective on revealing steerability than
Bell nonlocality whereas there exists another set of filters that is more effective on revealing Bell
nonlocality than steerability. This result suggests the structural difference between entanglement
and steerability. Finally, we present a counter-intuitive result that mixed states originating from
non-maximally pure entangled states can have hidden steerability while the mixed state from a
maximally pure entangled state fails to show steerability.
I. INTRODUCTION
Since Einstein, Podolsky and Rosen suggested the EPR
paradox, nonlocal quantum correlation has been under-
stood as one of the most peculiar nature of quantum
physics [1]. While entanglement has attracted a lot of
attention, it has been known that there are other classes
of nonlocal quantum correlation such as Bell nonlocality
and quantum steerability [2–6]. Among them, steerabil-
ity of quantum states by local measurements, which was
first suggested by Schro¨dinger [7], provides unique oper-
ational features of quantum theory.
Although the concept of quantum steerability has been
recognized from the early age of quantum physics, its def-
inition and mathematical description have been relatively
recently introduced [4, 5]. The operational meaning of
quantum steerability can be understood as follows. Let
us assume that Alice prepares two systems A and B in
an entangled state and sends the system B to Bob. Here,
Bob does not trust Alice and only agrees that he receives
quantum system B. Bob will be convinced by Alice that
the prepared state is entangled when Alice can control B
in arbitrary quantum states, e.g., Alice can collapse the
state of B in the eigenstates of two non-commuting ob-
servables with the precision larger than that allowed by
uncertainty relation. In this case, Bob system B cannot
be described by local hidden state (LHS) model.
This interpretation leads a remarkable consequence
that verification of quantum steerability can be consid-
ered as verification of entanglement with an untrusted
party (here, Alice), and thus, all the steerable states
are entangled. However, it is notable that not all the
entangled states guarantee steerability [4, 5]. On the
other hand, Bell nonlocality, another nonlocal quantum
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correlation determined by local hidden variable (LHV)
model, guarantees the steerability, while the reverse is
not true [8]. Therefore, quantum steerability lies between
entanglement and Bell nonlocality.
Besides the entanglement verification, the monogamy
relation of quantum steering [9] provides the security of
quantum key distribution when one of the systems (here,
system A) is not trusted as quantum systems. This sce-
nario is known as one-sided device independent quan-
tum key distribution (1s DI-QKD) [10]. Similarly, Bell
nonlocality guarantees the security of quantum key dis-
tribution in fully device independent manner known as
DI-QKD [11–14]. Note that the implementation of 1s
DI-QKD is more practical than that of DI-QKD since
quantum steerability is more robust against environmen-
tal noise and particle loss than Bell nonlocality [15–17].
The characterization and quantification of quantum
steerability are, therefore, of great importance not only
for fundamental quantum information science but also
for applications in quantum communication. Due to
difficulty in finding LHS model for mixed entangled
states, however, characterizing steerability is challeng-
ing [18, 19]. It becomes even more complicated since
there are unsteerable states that become steerable when
local measurements are performed on multiple copies of
the pairs rather than a single copy [20, 21]. Note that
this phenomenon is known as super-activation of quan-
tum steerability, and a similar phenomenon can also be
found in Bell nonlocality [22–24].
In this paper, motivated by hidden Bell nonlocal-
ity [25–31], we theoretically and experimentally investi-
gate the revealing of ‘hidden’ quantum steerability. Note
that a recent theoretical study proposes that hidden
steerability can be found by reducing the dimension of
Hilbert space [32]. In the present work, we reveal hid-
den steerability with the help of local filters associated
with particle loss while the dimension of Hilbert space
is unchanged. In particular, we present that there ex-
ist bipartite states, which are initially not steerable (i.e.,
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2are explained by LHS model), can become steerable with
the help of local filtering operations on the individual
systems. Remarkably, we found that there exists a cer-
tain set of local filters that is more effective on revealing
steerability than Bell nonlocality and vice versa. We also
present a counter-intuitive result that mixed states which
are obtained from non-maximally pure entangled states
can show hidden steerability for wider range of a mix-
ing parameter than the mixed state originated from a
maximally pure entangled state.
II. THEORY
In order to investigate different hidden quantum corre-
lations, let us assume that Alice and Bob share a bipartite
state of
ρ = p |ψ〉θ〈ψ|+ (1− p) ρA ⊗ I
2
, (1)
where |ψ〉θ = cos θ |00〉 + sin θ |11〉, ρA = TrB [|ψ〉θ〈ψ|],
and I denotes the identity 2 × 2 matrix. Note that
the parameters p and θ hold the following conditions of
p ∈ [0, 1], and θ ∈ [0, pi4 ], respectively. For simplicity, we
define a parameter γ to determine the ratio between |00〉
and |11〉 as γ = cos2 θ
sin2 θ
= cot2 θ.
The state ρ can be prepared as follows. Alice prepares
a bipartite entangled state of |ψ〉θ, and sends one of the
particles to Bob while keeping the other. If the trans-
mission channel has depolarizing noise with probability
of 1 − p, the shared two-qubit state will become ρ as in
Eq. (1).
Let us consider entanglement, Bell nonlocality and
steerability of the state ρ. In this work, we restrict
our study of Bell nonlocality to Bell-CHSH inequality
with two measurement settings and two measurement
outcomes for each party [33]. In the following, we only
consider the steerability from Alice to Bob. Here, we only
provide the results of the estimation with brief explana-
tion. Detailed estimation procedure can be found in the
Supplemental materials [34]. Note that Bell nonlocality
can be enhanced by increasing the number of measure-
ment settings [35, 36], however, it is often impractical.
For instance, by increasing the number of measurement
settings from 2 to 465, the lower bound of Bell nonlocal-
ity of the state Eq. (1) with θ = pi/4 changes from 0.707
to 0.706 [35].
Considering concurrence of the state ρ [37, 38], it is
entangled for p > 1/3 [34]. According to the Horodecki
criterion [39, 40], the state ρ is Bell nonlocal if p >
1√
1+sin2 2θ
[34]. Note that, for the scenario of two mea-
surement settings on each 2 × 2 and 2 × 3 dimensional
systems, the Horodecki criterion is necessary and suffi-
cient for testing Bell nonlocality.
Unlike entanglement and Bell nonlocality, it is not
straightforward to capture all the possible steerability of
a given quantum state since it is difficult to discrimi-
nate whether it can be demonstrated by LHS model or
not [4]. However, the sufficient criterion for unsteerabil-
ity from Alice to Bob of the state ρ has been derived in
the Ref. [18] as
TU =
A2 + 2|B|
2
≤ 1
2
, (2)
where A = (1−p
2) cos 2θ
1−p2 cos2 2θ , and B =
p(1−cos2 2θ)
1−p2 cos2 2θ . In other
words, Eq. (2) guarantees unsteerability of ρ from Alice
to Bob. Note, however, that Eq. (2) cannot be directly
tested with experiment. In the experiment, we have veri-
fied unsteerability with the experimentally reconstructed
density matrices via quantum state tomography.
For experimental investigation of steerability, we em-
ploy the fine-grained steering criterion which is presented
in Method in detail [9]. Note that, according to the crite-
rion, Alice’s steerability on Bob’s state can be experimen-
tally verified by observing the violation of the steering
inequality of
T =
1
2
[P (bB1 |aA1) + P (bB2 |aA2)] ≤
3
4
, (3)
where P (bB|aA) denotes the conditional probability and
A1,2 and B1,2 are non-commuting measurement bases
chosen by Alice and Bob, respectively. Here, for simplic-
ity, we choose A1,B1 = σz and A2,B2 = σx, respectively.
Note that the above measurement bases are optimized,
i.e., they are sufficient to reveal steerability of pure en-
tangled states |ψ〉θ for all values of θ [9]. It is difficult
to find if they are also optimal for the state ρ, however,
we will show that they are sufficiently good to examine
the steerability of ρ by comparing with the criterion of
Eq. (2). With these measurement bases, the steering pa-
rameter T which is given in the left-hand side of Eq. (3)
becomes T = (2 + p+ p sin 2θ)/4 for the state ρ. Hence,
the state ρ is steerable if
p >
1
1 + sin 2θ
. (4)
In order to reveal different hidden quantum correla-
tions, we first examine the local filters of Alice and Bob
given as
FA =
(
1
cos θ 0
0 1sin θ
)
, FB =
(
1 0
0 1
)
. (5)
After the local filters, the initial state ρ becomes a
Werner state of ρF = ρpi/4 = p |ψ〉pi4 〈ψ| + (1 − p) I2 ⊗ I2 .
The state ρF is entangled for p > 1/3 and Bell non-
local for p > 1/
√
2 [34]. Therefore, the state ρ shows
hidden Bell nonlocality with local filters of FA,B for
1√
2
< p ≤ 1√
1+sin2 2θ
. Note that the above choice of
FA,B are optimal to reveal hidden Bell nonlocality [41].
Since the final state ρF is a Werner state, it is steerable
for p > 1/2 [4, 5, 9]. Therefore, local filters of Eq. (5)
reveal hidden steerability for 1/2 < p ≤ 11+sin 2θ of the
state ρ. Note that for the region of 12 < p <
1√
2
, ρ
shows hidden steerability but not Bell nonlocality. This
3result clearly shows that hidden steerability is distinct
from hidden Bell nonlocality.
Now, let us consider another local filters of
GA =
(
1√
cos θ
0
0 1√
sin θ
)
, GB =
(
1√
sin θ
0
0 1√
cos θ
)
. (6)
The state ρG is entangled for p > 1/3 and Bell nonlocal
for
(
p2 − 1) csc θ sec θ + 5p2 + (p+ 1)2 csc2 2θ − 2p+ 1 >
1
2 [(p + 1) csc θ sec θ − 2p + 2]2 [34]. Thus,
the state ρG is steerable for p > δ, where
δ =
[
cot θ − cos2 θ(cot θ + 2) − 7 sin θ cos θ +√
(6 sin 2θ + 5 sin 4θ + 6 cos 2θ + 10)
]/[
2(−2 sin 2θ +
cos 2θ + 2)
]
[34]. Therefore, the state ρ shows hidden
steerability for δ < p ≤ 11+sin 2θ . Note that it is hard
to find that if GA,B are optimal for revealing hidden
steerability.
We summarize different regions of various quantum
correlations of the state ρ of Eq. (1) with respect to the
parameters θ and p in Fig. 1. First, let us first con-
sider different quantum correlations of the state ρ, see
Fig. 1(a). It is remarkable that the steering boundaries
of Eqs. (2) and (4) are comparable. It means that the
set of measurement bases of {σx, σz} for the steering in-
equality test provides a relatively close steering boundary
to its optimum. It is interesting that for a Bell state, i.e.,
γ = 1, the boundaries of Eq. (2) and (4) are identical and
both criteria become necessary and sufficient. However,
the fine-grained steering criterion of Eq. (4) fails to de-
tect steerability of ρ having {p, θ} lies between the two
above boundaries.
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FIG. 1. (a) The regions of various quantum correlations in
terms of state parameters {p, θ} (or equivalently {p, γ} where
γ is defined in the paragraph following the Eq. (1)) for the bi-
partite state ρ of Eq. (1). The boundaries of Bell nonlocality
and quantum steerability are presented by solid and dashed
black lines, respectively. The purple line denotes the unsteer-
ability boundary determined by Eq. (2). (b) The regions of
hidden quantum correlations revealed by different local filters.
HBN|HA,B and HS|HA,B denote hidden Bell nonlocal and hid-
den steerable with local filters of HA,B ∈ {FA,B ,GA,B}, re-
spectively. In order to clearly show hidden steerability, we
present the unsteerability boundary of the original state ρ
given by Eq. (2) with a purple line.
Now, let us turn our interest to the hidden quantum
correlations revealed by local filtering operations, see
Fig. 1(b). In order to clearly show the hidden steerabil-
ity, we present the sufficient criterion of unsteerability
of Eq. (2) with a purple dot-dashed line. If the steer-
ing boundaries of the post-filtered states ρF and ρG are
found below this sufficient criterion, one can be sure that
the local filtering operations successfully reveal hidden
steerability. As presented by dashed blue and red lines,
it is clear that both FA,B and GA,B can reveal hidden
steerability.
As shown in the paragraph following Eq. (5), applying
FA,B makes the initial state ρ which has biased γ > 1 to a
Werner state ρpi/4 or equivalently γ = 1 while keeping the
parameter p unchanged. Therefore, FA,B uncover hidden
Bell nonlocality and steerability of ρ up to those of the
Werner states ρpi/4. In Fig. 1(b), these are represented
as horizontal blue lines.
The results of applying GA,B are more interesting.
Comparing to FA,B , the area for hidden Bell nonlocality
is reduced while that of hidden steerability is enlarged.
Therefore, if we determine the effectiveness of local fil-
ters as the area of uncovered nonlocal correlation region,
GA,B are less effective on revealing Bell nonlocality than
FA,B . However, GA,B are more effective on uncovering
steerability than FA,B . These results intimate the struc-
tural difference between Bell nonlocality and steering.
It is remarkable that as θ → 0 (equivalently, γ →∞),
the region of hidden steerability revealed by GA,B is
broadened while the regions of other quantum correlation
contracted or remain the same. Note that the amount of
entanglement decreases as θ → 0 for a fixed p. Therefore,
it suggests a counter-intuitive result that mixed states
from non-maximally entangled states can have hidden
steerability for wider range of the mixing noisy parame-
ter p than the mixed state originated from a maximally
entangled state.
III. EXPERIMENT
For experimental verification of our findings, we have
conducted experiments with polarization entangled pho-
ton pairs from spontaneous parametric down conversion.
The Bell nonlocality and steerability are tested with the
CHSH and fine-grained steering inequalities. The suffi-
cient condition of unsteerability of Eq. (2) is also tested
experimentally via quantum state tomography [42, 43].
Note that the Bell parameter S (for definition, see the
supplemental material [34]), T and TU are not directly
measurable and they are calculated from the probabil-
ity distribution of the measurement outcomes of different
observables on the respective systems. The details of ex-
periment can be found in the supplemental material [34].
We present the theoretical and experimental Bell pa-
rameter S of the investigated states with respect to the
parameter p in Figs. 2 (a)-(d). The horizontal straight
lines correspond to the upper bound of S = 2 of Bell
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FIG. 2. Theoretical and experimental results of (a)-
(d) Bell nonlocality and (e)-(h) steerability. Here, red
and blue marks (lines) correspond to experimental (theo-
retical) data (prediction) of respective correlations for p =
0, 0.2, 0.4, 0.5, 0.6, 0.8, 1. The light shaded regions represent
Bell-nonlocal regions for (a) γ = 1, and (b)-(d) γ = 9, respec-
tively. The revealed hidden Bell-nonlocal ranges after the lo-
cal filtering operations are presented as dark shaded regions
in (c) and (d). The light shaded regions represent steerable
regions for (e) γ = 1, and (f)-(h) γ = 9, respectively. The
revealed hidden steerable ranges after the local filtering op-
erations are presented as dark shaded regions in (c) and (d).
Error bars are smaller than the size of markers.
inequality under LHV model.
Bell nonlocality of ρ for γ = 1 is shown in the Fig. 2 (a).
The light shaded area displays Bell nonlocal region with
respect to the parameter p. It clearly presents that the
state is Bell nonlocal for p > 1/
√
2 both in theory and
experiment.
Figures 2 (b)-(d) show the Bell parameter S of the state
ρ, ρF , and ρG for γ = 9, respectively. Here, the light
shaded regions correspond to the Bell nonlocal region of
ρ for γ = 9. Figures 2 (c) and (d) show that both local
filters FA,B and GA,B reveal hidden Bell nonlocality, see
the dark shaded regions. As presented by the area of the
dark shaded regions, FA,B are more effective than GA,B
to uncover Bell nonlocality. In the experiment, GA,B fail
to uncover hidden Bell nonlocality for p = 0.8 while FA,B
successfully find it. It is noteworthy to remark that the
region of hidden Bell nonlocality can be as large as that
of the state ρ with γ = 1 (i.e., mixed states originating
from maximally entangled state) with the local filters
FA,B , and never exceed this limit, see Fig. 2 (a) and (c).
It means that the hidden Bell nonlocality boundaries of
mixed states from non-maximally pure entangled states
can be stretched to the Bell nonlocality boundary of the
mixed state from maximally entangled states.
The theoretical and experimental results of steerabil-
ity and unsteerability are presented in Figs. 2 (e) and (f).
Experimental data and theoretical prediction correspond
to red marks and lines to denote steering parameter T
of Eq. (3). Whereas blue marks and lines present ex-
perimental data obtained by constructing the state with
the help of quantum state tomography and theoretical
prediction of unsteering parameter TU of Eq. (2). The
horizontal red line corresponds to the upper bound of
the steering inequality, and thus, the state is steerable
above this line. On the other hand, the horizontal blue
line denotes the upper bound of the sufficient criterion
for unsteerability, i.e., TU = 1/2. Therefore, according
to the criterion of Eq. (2), the state is unsteerable below
this line. In order to present unsteerable region with re-
spect to the parameter p, we present vertical blue lines at
the intersection of theoretical TU curves and TU = 1/2.
The light shaded regions in Figs. 2 (e) and (f) present
the range of p for which the state ρ with γ = 1 and γ = 9
are steerable, respectively. The Fig. 2 (e) shows that the
state with γ = 1 is unsteerable for p ≤ 1/2 and steerable
for p > 1/2. Therefore, the steering criterion Eq. (3)
becomes necessary and sufficient for ρ with γ = 1. In the
case of γ = 9, there exists a gap of 0.595 < p ≤ 0.625
between steerable and unsteerable regions. Note that the
steerability or unsteerability of ρ cannot be concluded in
this region.
The results of steerability of ρF and ρG for γ = 9 are
presented in Figs. 2 (g) and (h), respectively. To visual-
ize hidden steerable region, we present the same vertical
blue line of Fig. 2 (f) which guarantees unsteerability of ρ
for γ = 9. The hidden steerable regions that are shaded
by dark red can be clearly seen both in Figs. 2 (g) and
(h). Since the hidden steerable region of the Fig. 2 (h)
is larger than that of Fig. 2 (g), GA,B are more effective
than FA,B for uncovering hidden steerability. In exper-
iment, GA,B successfully uncover hidden steerability for
p = 0.5, however FA,B fail. In addition, we note that
there exists wide region which shows hidden steerability,
but fails to show hidden Bell nonlocality, see Figs. 2 (d)
and (h).
It is remarkable that the steerability boundaries of ρG
with γ = 9 can reach smaller p, meaning more noise, than
that of ρ with γ = 1, see Figs. 2 (e) and (h). In particu-
lar, for p = 0.5, ρG with γ = 9 state successfully reveals
steerability whereas ρ with γ = 1 fails. This experimental
result supports our theoretical finding that mixed states
from non-maximally pure entangled states can have hid-
den steerability for wider range of the noise parameter
than the mixed state originating from a maximally pure
5entangled state.
IV. CONCLUSION
In conclusion, we have theoretically and experimen-
tally investigated revealing of steerability of entangled
states having LHS model with the help of local filtering
operations. As LOCC can not create nonlocal correla-
tions, steerability was hidden in the initial states. We
have proven that hidden steerability is distinguishable
from hidden Bell nonlocality by showing that there are
quantum states which reveal hidden steerability, but fail
to show hidden Bell nonlocality. We have investigated
two sets of local filters and found that one set of fil-
ters is more effective on revealing hidden Bell nonlocality
whereas the other is more effective on uncovering hidden
steerability. Therefore, EPR steerability shows different
characteristic from Bell nonlocality under unitary oper-
ations. Note that Bell nonlocality impels steerability.
We have also presented a counter-intuitive result that
mixed states from non-maximally pure entangled states
can have hidden steerability even when the mixed state
originating from a maximally entangled state does not
have steerability. Considering the fundamental impor-
tance and applications of quantum steerability in quan-
tum information science, our findings provide a better
understanding of nonlocal quantum correlation and paves
the way towards secure quantum communications.
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1Supplementary materials
I. CALCULATION OF ENTANGLEMENT
To measure the entanglement of a bipartite state, we calculate concurrence of the sate. If concurrence is pos-
itive, then the state is entangled. The concurrence of the state ρ can be calculated from the eigenvalues of
ΛC = ρ · (σy ⊗ σy · ρ∗ ·σy ⊗ σy) where the asterisk ‘∗’ stands for complex conjugation. For the state ρ, the eigen-
values of ΛC in decreasing order becomes
λ1 =
1
16
(3p+ 1)2 sin2 2θ,
λ2 = λ3 = λ4 =
1
16
(1− p)2 sin2 2θ. (1)
The concurrence of the state ρ is
Cρ = max
[√
λ1 −
√
λ2 −
√
λ3 −
√
λ4, 0
]
= max [(3p− 1) sin θ cos θ, 0] . (2)
For the Werner states ρF , CρF = 3p−12 since θ =
pi
4 .
Similarly, one can calculate concurrence of the sate ρG . The eigenvalues of ΛC in decreasing order are
λ1 =
[
3p+ 1
(p+ 1) csc θ sec θ − 2p+ 2
]2
,
λ2 = λ3 = λ4 =
1− p
(p+ 1) csc θ sec θ − 2p+ 2 . (3)
Therefore, concurrence of the state ρG is
CρG = max
[
6p− 2
(p+ 1) csc θ sec θ − 2p+ 2 , 0
]
. (4)
II. CALCULATION OF BELL NONLOCALITY AND CORRESPONDING MEASUREMENT SETTINGS
To obtain maximal Bell violation of a given state σ, we have used Horodecki criterion [8, 9]. Note that, for the
scenario of two measurement settings on each 2×2 and 2×3 dimensional systems, the Horodecki criterion is necessary
and sufficient for testing Bell nonlocality. According to the Horodecki criterion, the maximum Bell violation of σ can
be calculated form the correlation matrix Λσ of the form
Λσij = Tr[σi ⊗ σj ·σ], (5)
and it becomes
Sσ = 2
√
Γσ1 + Γ
σ
2 , (6)
where Γσ1 and Γ
σ
2 are two maximum eigenvalues of Λ
σ. Note that the state σ is called Bell nonlocal when Sσ > 2.
For the considered state ρ, the eigenvalues of Λρ in decreasing order are given by
Γρ1 = p
2 (7)
Γρ2 = p
2 sin2 2θ, (8)
and the maximum Bell violation of the state ρ becomes
Sρ = 2 p
√
1 + sin2 2θ. (9)
Therefore, ρ is Bell nonlocal for p
√
1 + sin2 2θ > 1. In the case of Wener state ρF =
(FA⊗FB) · ρ · (F†A⊗F†B)
Tr[(FA⊗FB) · ρ · (F†A⊗F†B)] = ρθ=pi/4
Sρθ=pi/4 = 2
√
2 p and it is Bell nonlocal for p > 1√
2
.
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2To obtain the measurement settings for Alice and Bob corresponding to the Bell violation given by Eq. (9) for the
shared state ρ, Alice measures either observables A1 = σx or A2 = σz on her system A. Bob’s choice of observables
are
B1 = σz cosϕ1 + σx sinϕ1,
B2 = σz cosϕ2 + σx sinϕ2. (10)
The value of Bell parameter S becomes
Sρ = Tr [(A1 B1 +A1 B2 +A2 B1 −A2 B2) · ρ]
= p [sin 2θ(sinϕ1 + sinϕ2) + cosϕ1 − cosϕ2] . (11)
The maximum value of Sρ given by Eq. (9) can be found when cosϕ1 = − cosϕ2 = 1√
1+sin2 2θ
, sinϕ1 > 0, and
sinϕ2 > 0. Therefore, Bob’s measurement settings corresponding to the maximum value of Bell parameter S
ρ are
ϕ1 = pi + arctan
[
sin2 2θ
]
= pi + arctan
[√
4γ/(1 + γ)2
]
ϕ2 = arctan
[− sin2 2θ] = arctan [−√4γ/(1 + γ)2] . (12)
In the case of Werner state ρF , or equivalently θ = pi4 , Bob’s choice of measurement settings become B1 = σx+σz√2 and
B2 = σx−σz√2 , respectively.
Similarly, the for the state ρG =
(GA⊗GB) · ρ · (G†A⊗G†B)
Tr[(GA⊗GB) · ρ · (G†A⊗G†B)] , the eigenvalues of Λ
ρ
G in decreasing order are given by
ΓρG1 =
16p2
(2− 2p+ csc θ sec θ + p csc θ sec θ)2 (13)
ΓρG2 =
(−2 + 2p+ csc θ sec θ + p csc θ sec θ
2− 2p+ csc θ sec θ + p csc θ sec θ
)2
. (14)
The maximum Bell violation of the state ρG becomes
Sσ = 2
√
ΓρG1 + Γ
ρG
2 . (15)
Therefore, the state ρG is Bell nonlocal for
(
p2 − 1) csc θ sec θ+ 5p2 + (p+ 1)2 csc2 2θ− 2p+ 1 > 12 [(p+ 1) csc θ sec θ−
2p+ 2]2.
The value of Bell parameter S for the state ρG with the set of Alice’s Bob’s observables {A1 = σx, A2 = σz}, and
B1,2 given by Eq. (10) becomes
SρG =
8
((
p2 − 1) csc θ sec θ + (p+ 1)2 csc2 2θ + p(5p− 2) + 1)
(4(p+ 1)2 csc2 2θ − 4(p− 1)2)
√
16p2
((p+1) csc θ sec θ+2(p−1))2 + 1
. (16)
It is not difficult to obtain the Bob’s observables corresponding to maximum value of the Bell parameter SρG given
by Eq. (15) as
ϕ1 = pi + arctan
(
4p
(p+ 1) csc θ sec θ + 2(p− 1)
)
= pi + arctan
 4p√
1
γ (γ + 1)(p+ 1) + 2(p− 1)
 ,
ϕ2 = arctan
(
− 4p
(p+ 1) csc θ sec θ + 2(p− 1)
)
= arctan
− 4p√
1
γ (γ + 1)(p+ 1) + 2(p− 1)
 . (17)
III. CALCULATION OF STEERABILITY
For the observables of A,B ∈ {σz, σx}, the conditional probability distribution P (b = 0B|a = 0A) for the shared
state ρ becomes
P (0σz |0σz ) =
1 + p
2
,
P (0σx |0σx) =
1 + p sin 2θ
2
. (18)
3Therefore, the steering parameter T given by Eq.(17) for the outcomes a = b = 0 becomes
T ρ =
1
2
∑
i=z,x
P (b = 0σi |a = 0σi)
=
2 + p+ p sin 2θ
4
. (19)
The value of the steering parameter T for Werner state ρF can be obtained from Eq. (19) for the choice θ = pi/4, and
it becomes
T ρF =
1 + p
2
. (20)
Similarly, the conditional probability distribution P (b = 0B|a = 0A) for the shared state ρG becomes
P (0σz |0σz ) =
(p+ 1) cot θ
(p+ 1) cot θ − p+ 1 ,
P (0σx |0σx) =
2p
(p+ 1) csc θ sec θ − 2p+ 2 . (21)
Therefore, the steering parameter T of the state ρG for the outcomes a = b = 0 becomes
T ρG =
1
2
∑
i=z,x
P (b = 0σi |a = 0σi)
=
1
2− 2(p−1) tan θp+1
+
p
(p+ 1) csc θ sec θ − 2p+ 2 . (22)
IV. EXPERIMENTAL SETUP AND DATA ANALYSIS
Figure 1 shows the experimental setup to explore different hidden quantum correlations. First, let us describe the
initial state preparation as shown in Fig. 1 (a). Maximally polarization entangled photon pairs of |ψ〉 = 1√
2
(|00〉 +
|11〉) = 1√
2
(|HH〉+ |V V 〉) centered at 780 nm are generated at a sandwich BBO crystal via the SPDC process pumped
by a femtosecond pump pulse centered at 390 nm. Here, |H〉 and |V 〉 denote horizontal and vertical polarization states,
respectively. The sandwich BBO crystal, which is composed of two type-II BBO crystals and a half waveplate, is
specially designed for efficient generation of two-photon entangled states [1]. Each of the entangled photon pairs is
then sent to Alice and Bob, respectively.
The parameter θ or equivalently γ is controlled by partially polarizing beamsplitters (PPBS) at Alice. The trans-
mitivity of horizontal and vertical polarization states of the PPBS are TH = 1 and TV =
1
3 , respectively. The
depolarizing channel can be implemented by statistically mixing identity (I) and three Pauli operations (σx, σy, σz)
with a set of waveplates (QHQ) placed at Bob [2–4]. The noise parameter p is determined by adjusting the ratio of
the single-qubit operations during the data acquisition.
PPBS BD1 BD2H
HQ Pol.
HQ Pol.
HQ Q
SPD
SPD
BBO
(a) State 
      preparation
(c) Inequality test(b) Local filters
Alice
Bob
H
FIG. 1. Experimental setup. PPBS: partially polarizing beamsplitter, Q: quarter waveplate, H: half waveplate, BD: beam
displacer, Pol.: polarizer, SPD: single-photon detector. See text for details.
4Since we use the single-photon polarization qubits, the local filters F1,2 and G1,2 correspond to polarization depen-
dent loss [5]. As depicted in Fig. 1(b), the local filtering operations are implemented by a set of beam displacers (BD)
and half waveplates (HWP) for high phase stability [6]. While the vertically polarized beam is transmitted through
the BD1, the horizontal polarization state is displaced after the BD1. Then, the polarization state at each arm is
flipped by the following HWP at 45◦, and two beams are combined together at BD2. The amount of the polarization
dependent loss can be adjusted by changing the angles of HWPs between two BDs. In order to restore the flipped
polarization state, we put a HWP at 45◦ after the second BD.
The experimental tests of Bell’s and steering inequalities require various two-qubit projection measurements, which
can be implemented by waveplates, polarizers, and single-photon detectors as shown in Fig. 1(c). The coincidence
detection between Alice and Bob is achieved by a home-made coincidence counting unit [7].
In the experiment, the unsteering parameter TU is obtained from state tomography and the parameters S and
T are calculated from the joint probability distribution P (aA, bB). The joint probability distribution P (aA, bB) are
experimentally estimated from coincidence detection of photons at two single photon detectors as
P (aA, bB) =
C(aA, bB)
C(0A, 0B) + C(0A, 1B) + C(1A, 0B) + C(1A, 1B)
, (23)
P (aA) =
C(aA, 0B) + C(aA, 1B)
C(0A, 0B) + C(0A, 1B) + C(1A, 0B) + C(1A, 1B)
, (24)
where C(aA, bB) represents coincidence counts for outcome a ∈ {0, 1} and b ∈ {0, 1}.
Therefore, steering parameter T in terms of coincidence detection becomes
T =
1
2
(P (bσx |aσx) + P (bσz |aσz )) =
1
2
(
P (aσx , bσx)
P (aσx)
+
P (aσz , bσz )
P (aσz )
)
=
C(aσx , bσx)
C(aσx , 0σx) + C(aσx , 1σx)
+
C(aσz , bσz )
C(aσz , 0σz ) + C(aσz , 1σz )
(25)
The expectation values of 〈Ai Bj〉 where i, j ∈ {0, 1} are calculated as
〈Ai Bj〉 =
C(0Ai , 0Bj )− C(0Ai , 1Bj )− C(1Ai , 0Bj ) + C(1Ai , 1Bj )
C(0Ai , 0Bj ) + C(0Ai , 1Bj ) + C(1Ai , 0Bj ) + C(1Ai , 1Bj )
=
1∑
a,b=0
(−1)(a+b) C(aAi , bBj )
1∑
a,b=0
C(aAi , bBj )
. (26)
The Bell parameter in terms of coincidence counts becomes
S = 〈A1 B1〉+ 〈A1 B2〉+ 〈A2 B1〉 − 〈A2 B2〉
=
1∑
a,b=0
(−1)(a+b) C(aA1 , bB1)
1∑
a,b=0
C(aA1 , bB1)
+
1∑
a,b=0
(−1)(a+b) C(aA2 , bB2)
1∑
a,b=0
C(aA2 , bB2)
+
1∑
a,b=0
(−1)(a+b) C(aA3 , bB3)
1∑
a,b=0
C(aA3 , bB3)
−
1∑
a,b=0
(−1)(a+b) C(aA4 , bB4)
1∑
a,b=0
C(aA4 , bB4)
(27)
In our experiment, we have prepared the initial Bell state with the fidelity of 97%. The typical coincidence counts
are about 2× 103 with the accidental coincidence counts of ∼ 10 for 5 second of data acquisition. We have taken 10
sets of data and have calculated experimental standard deviation as a measure of error. 10−2 and 10−3 are the order
of error bars for the Bell and steering parameters, respectively.
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